Forbush decreases (FDs), which are short-term drops in the flux of galactic cosmic rays, are caused by the shielding from strong and/or turbulent magnetic structures in the solar wind, especially interplanetary coronal mass ejections (ICMEs) and their associated shocks, as well as corotating interaction regions. Such events can be observed at Earth, for example, using neutron monitors, and also at many other locations in the solar system, such as on the surface of Mars with the Radiation Assessment Detector instrument onboard Mars Science Laboratory. They are often used as a proxy for detecting the arrival of ICMEs or corotating interaction regions, especially when sufficient in situ solar wind measurements are not available. We compare the properties of FDs observed at Earth and Mars, focusing on events produced by ICMEs. We find that FDs at both locations show a correlation between their total amplitude and the maximum hourly decrease, but with different proportionality factors. We explain this difference using theoretical modeling approaches and suggest that it is related to the size increase of ICMEs, and in particular their sheath regions, en route from Earth to Mars. From the FD data, we can derive the sheath broadening factor to be between about 1.5 and 1.9, agreeing with our theoretical considerations. This factor is also in line with previous measurements of the sheath evolution closer to the Sun.
Introduction
Forbush decreases (FDs) are temporary decreases in the flux of galactic cosmic rays (GCRs). They are caused by strong and/or turbulent magnetic structures in the solar wind associated with interplanetary coronal Nowadays, GCRs and FDs are routinely measured not only on the surface of the Earth, for example, using neutron monitors, but also on various spacecraft near Earth as well as in deep space, and even on the surface of other solar system bodies such as at Mars with the Radiation Assessment Detector (RAD, Hassler et al., 2012) instrument on the Mars Science Laboratory (MSL) mission , and, since January 2019, on the Moon with the Lunar Lander Neutrons and Dosimetry experiment (Wimmer-Schweingruber et al., 2020) on the Chinese Chang'E 4 mission. As the FD onset time matches very well with the arrival of the corresponding solar wind structure (see, e.g., Cane et al., 1996; Dumbović et al., 2011) , FDs can be used as a proxy to determine the arrival time of ICMEs or CIRs, which is particularly useful in cases where no plasma or magnetic field measurements are available (e.g., Lefèvre et al., 2016; Möstl et al., 2015; Witasse et al., 2017) . This approach was also used in our previous studies investigating the travel time of ICMEs between 1 AU and Mars (Freiherr von Forstner et al., 2018) and validating the accuracy of geometric models to calculate the arrival time at Mars based on heliospheric imager data from the Solar Terrestrial Relations Observatory (STEREO) mission (Freiherr von Forstner et al., 2019) .
While the accurate prediction of ICME arrival times is still a complex task in space weather research, the exact description of the ICMEs' geometric and magnetic structure and its evolution over time, which is also important for their impact on Earth and other planets, is even more challenging. For the further development and improvement of models, it is important to exploit many sources of data, so we are investigating how FDs can be included into the portfolio of available space weather data. As all methods to detect ICMEs, FDs have certain limitations in how much information they can give us about the ICME. But with sufficient understanding of the FD physics (using recent modeling approaches such as given in Dumbović et al., 2018) , there can be more information that can be obtained from the FD data than just the ICME arrival time. Some investigations in this direction were done by Liu et al. (2006) and Masías-Meza et al. (2016) , who linked averaged FD profiles with the corresponding magnetic field and solar wind observations using a superposed epoch method, finding, for example, an increase of the FD amplitude and recovery time for the category of fast ICMEs compared to slower events.
In this paper, we combine FDs at Mars identified by MSL/RAD with catalogs of FDs at Earth for a statistical study of their properties. Section 2 contains information about the different sources of data in use. Section 3 describes the FD properties we are investigating and gives an introduction to a modeling approach that we use for FDs. The main part of our study is in section 4, where we derive a relation of the FD's amplitude to the maximum decrease rate, and compare this relation between Earth and Mars. We interpret this effect using idealized models as well as the more sophisticated approaches described in section 3.2 and continue with further discussions. Section 5 then concludes this work with a summary and outlook.
Data Sources and Catalogs

MSL/RAD and FDs at Mars
Since the landing of the MSL mission's Curiosity rover on 6 August 2012, its RAD instrument has been continuously measuring the radiation environment on the Martian surface, including both charged and neutral particles. Among other data products, RAD provides measurements of the total ionizing dose rate, which results from the incident GCR, and is enhanced during solar energetic particle (SEP) event periods. Radiation dose is defined as the energy (measured in J) deposited by radiation in a detector of mass m per unit mass and is thus measured in units of J/kg (or Gy). Dose is measured in two of the six RAD detectors, B, a silicon solid-state detector, and E, a tissue-equivalent plastic scintillator (Hassler et al., 2012) .
Similar to neutron monitors on Earth and other cosmic ray detectors in deep space, RAD can be used for detecting FDs in the GCR. Although the unit of dose rate is different from count rate measured at neutron 10.1029/2019JA027662 monitors on Earth, the relative change in the GCR fluxes, which corresponds to the magnitude of FDs, is unitless and can be well observed in dose measurements. Due to the larger geometric factor therefore and higher possible cadence (up to one observation per minute), the dose rate in the E detector is best suited for this purpose . In situ solar wind and interplanetary magnetic field data at Mars are available from the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft (Jakosky et al., 2015) , which arrived at Mars in late 2014, more than 2 years later than MSL. MAVEN data are, however, not always optimal for studying solar wind phenomena at Mars, as MAVEN's orbit often takes the spacecraft within Mars's bow shock and thus out of the undisturbed upstream solar wind. These periods need to be excluded from the data for solar wind analysis, so the remaining coverage of the interplanetary medium at Mars is significantly reduced. On the other hand, RAD measures surface GCR flux uninterruptedly since August 2012 and detects many FDs, which have been used successfully to detect the arrival of ICMEs at Mars, such as by Witasse et al. (2017 ), Freiherr von Forstner et al. (2018 , Guo, Dumbović, et al. (2018) , Guo, Lillis, et al. (2018) , Winslow et al. (2018 ), Freiherr von Forstner et al. (2019 , Papaioannou et al. (2019) , and Dumbović et al. (2019) .
The radiation environment on the surface of Mars differs considerably from that in deep space. The primary GCR particles arriving at Mars, as well as SEPs, are modulated by the Martian atmosphere and also influenced by the surface of Mars. Thus, the radiation measured by RAD is a mix of the primary GCR/SEP particles and secondary particles produced in the atmosphere and soil . To model the response of a detector on the surface to a certain incoming GCR spectrum above the atmosphere, it is necessary to construct a response function (yield function) that computes the resulting spectrum at the surface for different particle species and then calculates a prediction for the quantity measured by the instrument (e.g., dose rate or count rate) from this surface spectrum. For the case of Mars and the RAD instrument, such functions were modeled by Guo et al. (2019) , showing that the Martian atmosphere shields the surface of Mars from GCR protons below an energy of 140 to 190 MeV, depending on the surface atmospheric depth, which changes seasonally. The largest contribution from the primary GCR spectrum to the Martian surface dose rate comes from primary GCR protons in the ∼1to 3-GeV energy range, which is easily calculated by folding the atmospheric response functions provided by Guo et al. (2019) with typical primary GCR spectra. Similar effects occur for Earth-based cosmic ray measurements, such as using neutron monitors, though the composition, density ,and depth of atmosphere are of course different and the terrestrial magnetic field also plays an important role in modulating the GCR measured at different latitudes. The construction of yield functions for neutron monitors on Earth, taking into account the atmospheric and magnetic effects as well as the neutron detection efficiency, was described by Clem and Dorman (2000) . Due to the thicker atmosphere of the Earth, the atmospheric cutoff energy is significantly higher than on Mars-it has been determined to be around 450 MeV for protons. The effect of the magnetosphere, which is largely missing at Mars, increases the cutoff energy at lower latitudes and is a consequence of the local magnetic cutoff rigidity at the measurement location. At the poles, the influence of the magnetosphere decreases to zero (see, e.g., Smart & Shea, 2008) , for example, to a cutoff rigidity 0.1 GV at the location of the South Pole neutron monitor. This corresponds to a proton kinetic energy of about 100 MeV, so the atmospheric effect is dominant in these polar regions. The difference in the observed GCR energy range is a limitation for studies comparing FDs measured with different instruments and will be taken into account using modeling approaches.
The daily variation of atmospheric pressure primarily due to thermal tide at Mars causes a significant diurnal pattern in the dose rate measured at MSL/RAD (Rafkin et al., 2014) , stronger than what is usually seen at Earth. To facilitate the detection of FDs in the RAD data, the dose rate measurements are processed using a spectral notch filter described by to compensate for the diurnal variations while keeping other fluctuations that do not have a diurnal periodicity. We note that this technique may also remove the diurnal signal due to GCR anisotropy, if exists, during a FD (e.g., Tortermpun et al., 2018) . As there are no other GCR measurements on the Martian surface, preferentially on the opposite side of the planet, the FD anisotropy at Mars cannot yet be studied and separated from the diurnal atmospheric effects.
Catalogs of FDs at Earth and Mars
In this section, we describe the different catalogs of FDs that we use in this study. The catalogs and the results later obtained using these data are also summarized in Table 1 . For the each catalog, we also give the instruments that were used to obtain the FD measurements, and the energy/rigidity ranges of primary GCR (above the atmosphere/magnetosphere) that their data are mainly influenced by.
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10.1029/2019JA027662 onboard the STEREO spacecraft (Russell, 2008) and caused a FD at MSL/RAD. The STEREO-HI observations were taken from the HIGeoCat catalog assembled by the HELCATS project (Barnes et al., 2019; Helcats et al., 2018) . This allowed us to study the accuracy of various methods for predicting the arrival time at Mars using the STEREO-HI data. The catalog can also be found on FigShare at https://doi.org/10.6084/m9. figshare.7440245 and contains the ICME data from HIGeoCat as well as arrival times at MSL based on our FD observations. The catalog contains 45 FDs and serves as one of the data sources for this study, with the FD properties discussed in section 3.1 derived from the RAD observations. Of the 45 events, 14 were also clearly observed at Earth during close radial alignments of the two planets. In these cases, we have also identified the arrival time at Earth and derived the terrestrial FD properties using data from the South Pole neutron monitor (SOPO in the NMDB database at http://www.nmdb.eu/).
As known, complex and interacting ICME events can occur often, especially during solar maximum (e.g., Burlaga et al., 2002; Gopalswamy et al., 2001; Lugaz et al., 2005; Liu et al., 2012) . A recent study has analyzed in detail the interaction of two ICMEs and with the ambient solar wind, which adds up to the complex substructures of an FD observed at Mars. During such complex events, FD profiles cannot be used to study the propagation and evolution a single ICME. During the assembly of Catalog I, we have excluded events, which could not be clearly linked from the HI observations to a single FD in the RAD data and therefore minimized the possibility of including complex cases with interactions of multiple successive ICMEs.
Catalog II: The comparison of the derived FD properties between Earth and Mars based on Catalog I (as will be discussed later in section 4) shows some prominent characteristics, with, however, rather low statistics. Therefore, to extend the study to a larger set of events, we also use data from the catalog of FDs at Mars compiled by Papaioannou et al. (2019) , where FDs were detected in the in situ GCR measurement using an automated method. Following the automatic detection, each event was manually inspected by Papaioannou et al., 2019 and, if possible, associated with a corresponding ICME based on the SOHO/LASCO coronal mass ejection (CME) catalog (https://cdaw.gsfc.nasa.gov/CME_list/) and WSA-ENLIL heliospheric magnetohydrodynamic simulations with a cone CME model (Odstrcil et al., 2004) . Events where no corresponding CME is listed may have been caused by CIRs or complex cases with CME-CME or CME-CIR interaction, or they were in fact caused by a CME that was not seen in the SOHO/LASCO coronagraph. Of the 424 thus identified events, 96 were marked as being caused by an ICME in the catalog. This catalog also contains a quality index q ∈ [1.
.5] for each event, giving an estimation of the reliability of the FD identification and determination of its parameters. We restricted ourselves to the events with a high-quality index (q ≥ 4), meaning that during the selection of the FD and determination of its amplitude, the authors faced no or only minor problems due to data gaps, insufficient suppression of the diurnal variations or other difficulties. This restriction results in 310 FDs in total, of which 83 are marked as being ICME induced.
Catalog III: Finally, for a comparison of Martian FDs from Catalog II with terrestrial FDs, we employ the extensive catalog of FDs observed using neutron monitor data provided by the Space Weather Prediction Center of the Russian Institute of Terrestrial Magnetism, Ionosphere, and Radio Wave Propagation (IZMI-RAN). This catalog is available online at http://spaceweather.izmiran.ru/eng/dbs.html and was described by Belov (2008) . The FD properties in this database are not derived from a single neutron monitor measurement, but rather using the global survey method (GSM; Belov et al., 2005 Belov et al., , 2018 data, which calculates the GCR flux at a fixed rigidity of 10 GV based on measurements from the global network of neutron monitors. These data, in comparison to single neutron monitor measurements, avoid potential issues arising from different atmospheric and magnetic influences on monitors at different geographic locations, as they take into account the different yield functions of each neutron monitor station. We use the latest version of the online database, which was last updated on 27 June 2018. The data are subject to revisions due to possible corrections in the neutron monitor data used for the GSM calculation, but the results are not expected to change drastically. The rigidity of 10 GV corresponds to a proton kinetic energy of 9.1 GeV, much higher than the main contribution to dose at Mars with proton kinetic energies of 1 to 3 GeV (see section 2.1). As GCRs with these lower energies are modulated more easily , this is what causes FDs observed by RAD at Mars to have a larger amplitude on average than those in the GSM data ( Figure 7 ; Papaioannou et al., 2019) . (lower panel) Example of the application of the analytical PDB and ForbMod models to describe the profile of a Forbush decrease caused by an ICME consisting of a sheath and the following flux rope. The model plotted here is described in equation (10). The red dashed line marks the boundary between the sheath and the ejecta; that is, it corresponds to the duration T sheath of the sheath. The model parameters were chosen as specified in the insets, and the values of the diffusion parameters in both models were also chosen within their typical ranges. Figure 1 (upper panel) shows an idealized schematic profile of a FD, which consists of the decrease phase and a longer recovery period. Based on this, we define the various FD parameters investigated in this study.
Definitions and Methodology
Properties of FDs
The FD onset time is named t FD , and the time where the GCR intensity reaches its minimum is called t min , so the duration of the decrease phase can be calculated as Δt = t min − t FD . To define the FD amplitude as a percentage, the values (t) of the GCR intensity are normalized to the value max at the onset time. The FD percentage drop is then defined as
(1) and the average slope is
The maximum decrease rate m max is another often-used parameter, which was studied, for example, by Belov (2008) and Abunin et al. (2012) as well as at Mars by Papaioannou et al. (2019) . In practice, this is usually not calculated directly from the derivative of the original high time resolution GCR data, as it can be quite noisy due to low counting statistics. Instead, m max is calculated as the maximum hourly decrease by evaluating the same Δ ∕Δt difference quotient for each time step in the GCR data when averaged into hourly bins t i :
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where t i − t i−1 = 1h for all i. As for m, the units of m max are %/hr. Abunin et al. (2012) have found that the time of the maximum hourly decrease (t(m max )) usually occurs immediately after the time of the maximum interplanetary magnetic field strength (t(B max )). We will investigate the distribution of t(m max ) within the FD further in section 4.2 and Figure A1 .
Note that despite being properties of a GCR decrease, we have defined Δ , m and m max to be positive quantities.
Modeling of FDs
To be able to obtain more ICME information from our FD observations, we also perform some basic calculations using a theoretical model of the FD profile. Our approach combines two analytical models to describe the FD and thus accounts for both the sheath and the ejecta effect. The sheath is described by the propagating diffusive barrier (PDB) model (Wibberenz et al., 1998) , while the magnetic ejecta is represented by ForbMod . Figure 1 (lower panel) shows an example of this combination of the two models. Values of all parameters were chosen in a typical range just for illustration purposes, not to resemble a specific event. Both models are used here in a one-dimensional fashion; that is, we assume the sheath and ejecta as well as the observer to lie in the ecliptic plane. The GCR drop is then described based on the one-dimensional location of the observer within the ICME substructures. The calculation will be explained in detail below.
In the PDB model, the sheath is represented by a shell of thickness S where the flow speed is increased and the diffusion coefficient decreased. Both values are assumed to be constant across the shell. The resulting GCR density drop s (x s ) in the sheath (normalized to the onset value), where the index s stands for sheath, can be defined as
where, as before, max is the undisturbed GCR density and s (x s ) is the GCR density at a distance x s from the outer border of the shell, where we define the antisunward border of the shell as the outward one. In the PDB model, s (x s ) is a linear function of the distance x s :
Here, the flow speed in the shell is named v sheath and the radial diffusion coefficient within the shell is K ′ . Our equation (5) corresponds to equation (4) of Wibberenz et al. (1998) under the assumption that the radial gradient G r of the ambient GCRs is small.
The ForbMod model describes the ICME ejecta as a cylindrical structure (flux rope) of radius a, which is assumed to initially contain no GCRs when it is launched from the Sun. As it propagates outward, the flux rope expands (e.g., at a larger rate than the typical solar wind, Bothmer & Schwenn, 1997; Gulisano et al., 2010; Liu et al., 2005) and GCRs gradually diffuse into it at a rate slower than they would in the ambient solar wind. As a result, after some time, the flux rope will be only partially filled with GCRs compared to the ambient solar wind and therefore will appear as a decrease in the GCR flux. The decrease of the GCR phase space density in the flux rope (normalized as before in equation (4)) is described using the Bessel function of first kind and order zero (J 0 (x)):
where 1 ≈ 2.40 is the first positive root of the Bessel function J 0 , r e is the radial distance of the observer from the flux rope's central axis, and (t E ) is a function that is monotonically increasing with the expansion time t E and does not depend on r e . Note that the index e (as in e , r e ) stands for ejecta and E (as in t E ) for expansion. Equation (6) states that in the ForbMod model, the GCR suppression due to the flux rope is 0 at its border (r e = a, e ∝ J 0 ( 1 ) = 0); that is, the flux rope has no GCR shielding effect outside of its bounds. The maximum depression is reached on the flux rope axis at r e = 0 (→ J 0 (0) = 1). For details on the derivation of equation (6) and the functional form of (t E ), we refer to Dumbović et al. (2018) .
To combine the two models and convert s (x s ) and e (r e ) into a (t) profile, we apply the following scheme:
We define the time where the outer boundary of the sheath reaches the position of the observer (x s = 0) as t = 0. Within the sheath region, the GCR drop is only driven by the sheath and described by equation 10.1029/2019JA027662 (5) . The sheath is moving with respect to the observer with a speed v sheath , which is assumed to be constant within the passage duration, so
At the end of the sheath region (time t = T sheath , calculated with x s (T sheath ) = S), we then continue with the ForbMod model given by equation (6). In this case, we first define the trajectory of the observer as before, but with the propagation speed v ICME of the ejecta:
The distance r e to the center of the flux rope, which is needed for equation (6), can then be calculated using the radius a of the flux rope:
Note that this equation is only valid up to the point where the flux rope axis reaches the observer, which is the point of maximal GCR suppression. We do not consider the following recovery phase, as explained below. So in summary, our model combination, as it is plotted in Figure 1 (lower panel), can be written as follows:
where the various quantities have been defined above.
The combination of these two models in this way is of course a simplification, as any interplay between sheath and ejecta is not really taken into account. In particular, the GCR suppression at the end of the sheath ( s (S)) is added as a constant value to the following additional suppression by the ejecta without accounting for the recovery from the sheath FD, which is not modeled by PDB. Also, the recovery phase after the ejecta is not modeled. A more complicated model combining the two structures would be needed for including these effects, but that is not necessary for the purposes of this study because we only focus on the GCR minimum, Δ and the steepest slope, m max .
Results and Discussions
Observations
When plotting the maximum hourly decrease m max versus the FD amplitude Δ (as defined in section 3.1) for the 45 events in the STEREO-HI catalog, which were also observed by RAD at Mars, as seen in Figure 2 (orange points), a striking correlation appears with a Pearson correlation coefficient of r = 0.77. The probability p that this distribution is caused by an uncorrelated system is below 10 −4 %. We also plotted the FDs at Earth (measured at the South Pole neutron monitor) from the subset of ICMEs that were seen at both Earth and Mars (blue points in Figure 2 ). To make clear which of the events at Mars were also seen at Earth, the corresponding orange points in the figure were marked with blue outlines, and as expected, they follow a similar distribution as the rest of the 45 events at Mars.
The same correlation was already found at Earth by Abunin et al., 2012 Abunin et al., (2012 Figure 5 ) and Belov (2008, Figure 7) , with corresponding correlation coefficients between 0.57 and 0.87 for different samples of FDs. This correlation coefficient can vary depending on the specifics of the FDs, such as what type of structures they are caused by. In particular, Belov (2008) found a higher correlation coefficient for FDs related to ICMEs that drive a shock than for other ICMEs. To further evaluate the m max versus Δ correlation, we applied a linear regression to calculate the parameters for the equation:
where A is expressed in hours and B in %. B corresponds to the amplitude of a "FD" with a maximum hourly decrease of 0, so it is expected to be 0. Considering the uncertainties in the measurement of the FD magnitudes and maximum hourly decreases, we therefore constrained B to be within the bounds of [−0.5%, +0.5%] for the fitting procedure, instead of forcing it to be 0. The uncertainties of the linear regression results 2019). The orange dots with a blue outline correspond to the Mars events that were also seen at Earth as FDs in the South Pole neutron monitor during close alignments of the two planets. The blue points show the properties of the terrestrial FDs for these events. The Pearson correlation coefficients r as well as the probabilities p that such a distribution was produced by an uncorrelated system are given in the plot, as well as the results of a linear regression for the two data sets.
are given as the standard deviation estimated by calculating the square root of the diagonal elements of the covariance matrix.
The linear regressions by Abunin et al. (2012) and Belov (2008) yielded values of A between 2.9 and 3.5 hr at Earth, and this roughly agrees with our result of 3.7 ±0.7 hr obtained for the subset of events from our catalog that were also seen at Earth (14 events). However, the linear regression for MSL/RAD measurements at Mars in Figure 2 results in a slope of A = 7.0 ± 0.9 hr; that is, the ratio between FD amplitudes and their respective maximum slopes increases by a factor of ∼1.9 ± 0.4 at MSL/RAD compared to the South Pole neutron monitor.
On the other hand, Papaioannou et al. (2019) , who studied a much larger catalog of FDs at Mars using MSL/RAD data, found about the same value for A for Earth and Mars FDs in their Figure 6 , with A values of (3.64 ± 0.32) hr for Mars and (3.69 ± 0.16) hr for Earth. Considering this discrepancy, we now take a closer look at the FD data from this catalog. As stated in section 2.2, this catalog includes both FDs caused by ICMEs as well as other heliospheric transients, such as CIRs.
In order to separate the FDs caused by different heliospheric dynamic structures, we used the Papaioannou et al. (2019) catalog of FDs at Mars and the IZMIRAN database of FDs at Earth to produce separate plots in Figure 3 . All FDs at Earth (left) and Mars (right) were plotted together in the two topmost panels, followed by the subset of FDs that were marked as being caused by an ICME in the respective catalogs (middle panels) and the remaining FDs, which were probably caused by CIRs or combinations of CIRs and ICMEs (lower panels). The linear regression was then applied separately for each panel of the Figure. For the purpose of comparability, the events from the IZMIRAN catalog were restricted to the same time range as the Papaioannou et al. (2019) catalog (August 2012 to December 2016). As before for Figure 2 , we restricted the intercept of the linear regression to be within ±0.5%. Additionally, we introduced a threshold condition specifying the minimum amplitude (percentage drop Δ ) a FD needs to have to be included in the calculation of the linear regression. This is done to exclude FDs with very low amplitudes where the values of Δ and m max may have larger uncertainties, limited by the observational resolution. The threshold condition was defined as follows: . The blue and orange lines show linear regressions to the data, where the light gray points denote events that were excluded from the fit because they lie below the = 1 threshold (as defined in equation (12)).
where the dimensionless value can be adjusted as needed and was initially chosen as 1 for the plots in Figure 3 to remove all FDs with an amplitude below the median. To more accurately estimate the uncertainties of the fitting parameters with this larger set of events, a bootstrap method was applied by taking 10,000 different random samples of the points to be fitted and then applying the fit separately to each of the samples. From the resulting distribution of fit parameters, the mean and standard deviation of A and B were then calculated and displayed in the insets of Figure 3 .
The results we obtained for all FDs (upper panel) seem to be different from those by Papaioannou et al.
(2019)-we find a larger A value at Mars than at Earth, while their analysis showed almost the same value at both planets. This is both due to the threshold condition used here as well as a different fitting algorithm used by Papaioannou et al. (2019) : They did not directly apply a linear regression to the data but first binned the data on the m max axis, calculated average values and standard deviations of Δ for each bin, and then used these values as the input for the linear fit. This approach means that data about the single events are not available to the fitting procedure anymore, which can be a drawback especially when the number of events is reduced in the case where; for example, we only look at ICME-caused FDs. Also, the result can significantly change depending on the choice of bin locations and sizes and whether bins containing a low number of events are excluded from the fit or not.
For the above reasons, we decided to alternatively apply a simple linear regression to all the data without prebinning them. However, we do note that there are a few outlier events that may have been weighted much less by Papaioannou et al.'s (2019) fitting algorithm than by ours. Nevertheless, we are mainly interested in the two panels in the middle row, which show the FDs associated with CMEs at Earth and Mars. In agreement with Figure 2 , we also find a larger A value at Mars than at Earth (factor 1.5 ± 0.2) here.
We will now check how our result depends on the choice of the threshold parameter for values different than 1. The upper panel of Figure 4 shows values of between 0 (i.e., no threshold condition) and 1.2 and the resulting A values. The uncertainties calculated using the bootstrap method are shown as shaded areas in this plot. While the results for CME-induced FDs at Earth as well as non-CME FDs at both planets change rather slowly with a rising threshold, there is quite a steep increase in the A values for CME events at Mars above = 0.8. This might be an effect of outlier events-completely removing three events at the bottom right of the "CMEs at Mars" panel results in a smoother increase of A with increasing . But the trend of
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increasing A with is still present, and this suggests a change of physical FD and/or ICME properties for FDs with larger magnitudes. We will discuss this hypothesis further in the next section.
Interpretation 4.2.1. Cartoon Illustration of the Effect
There are two factors that might be important for the difference between the A values found at Earth and Mars: The evolution of the ICME structure between 1 and 1.5 AU, as well as the different observed GCR energies (protons mainly between E kin ∼ 1 to 3 GeV at Mars versus E kin = 9.1 GeV at Earth in the GSM data; see section 2.1). We will first discuss the influences of these two effects on our result under the simple assumption that the GCR energy affects only the amplitude of the FD, while an increase of the size or thickness of the ICME can increase the passage duration and thus the duration of the FD decrease phase. In the following section 4.2.3, we will then justify these assumptions with modeling results.
In Figure 5a , we show idealized schematic profiles of three FDs at Earth with different amplitudes but similar duration of their decrease phase. The recovery phase is faded out to indicate that it is not relevant for our study and can be different for each event. The FD profiles are just plotted for illustration purposes here and do not represent profiles calculated from the models described in section 3.2, which we will go into later. We also do not yet separate the shock/sheath and ejecta effects here. In the right panel, the three FDs are plotted in the familiar Δ versus m max scheme-as we saw in the measurements, m max is proportional to Δ in this case. When the ICME travels from Earth to Mars and increases its size during this time, the duration of the FD increases (panel b), and thus, m max is decreased for the same FD amplitude; that is, the slope A of the linear relationship between Δ and m max increases. When also taking into account the effect of the lower observed GCR energy in panel (c), Δ and m max increase proportionally, so A stays at the same value. Of course, in reality, the two effects cannot be observed separately, because there is no direct GCR measurement at Mars (or somewhere else at 1.5-AU solar distance) with exactly the same energy response as at Earth. For example, the 9.1-GeV primary GCR protons considered in the GSM data could not be easily isolated in RAD measurements, and secondaries produced by those particles in the Martian atmosphere would also need to be taken into account.
This simple model described in Figure 5 explains the observations presented in Figures 2 and 3 very nicely, but it has a few aspects that need some closer inspection: First, it is also possible that the ICME broadening already causes a change of the FD amplitude independent of the GCR energy effect. This could, for example, be due to a decrease of the magnetic field strength within the ICME that is associated to its expansion. This is not accounted for in the figure, but as the change in amplitude only shifts the points in the Δ versus m max plot along the same linear regression, this would not have any effect on the result for A. Second, the illustration might suggest that all FDs have the same duration at Earth. This is obviously not true, as the FD duration depends on the ICME speed and size as well as turbulent and magnetic properties, which contributes to the dispersion of the points in Figure 3 . Also, the ICME structure as a whole does not grow linearly; rather, the evolutions of the sheath and ejecta regions are governed by different physical processes and thus can behave differently between Earth and Mars. We will further investigate the distribution of m max in the following section and also apply the FD models introduced in section 3.2 to get a better understanding of how this effect is related to the different substructures of the ICME.
Distribution of m max Within the ICME Substructures
Based on a separate statistical study we have performed (see Appendix A), we estimate that at Earth, m max occurs in the sheath about twice as often as in the ejecta. Therefore, we expect the main influence on the observed difference of the linear regression slope A at Earth and Mars to be the evolution of the sheath region. This should mean that the difference is more clearly visible if we exclude events where m max is not in the sheath, which is what we try to reproduce in this section.
In the lower panel of Figure 4 , we have defined a new threshold condition to filter the FDs in our catalog and plotted the result in the same fashion as for the previous threshold parameter (upper panel, see section 4.1). The threshold condition is defined as
where Δt is the duration of the FD decrease phase as defined in Figure 1 (upper panel) . For example, for a threshold of g = 0.5, the time where the maximum hourly decrease occurred needs to be within the first half of the FD's decrease phase. A low g value does not necessarily mean that m max is within the sheath (as the sheath could be very short or not seen by the observer at all), but the likelihood that m max is in the sheath definitely increases with decreasing g. The previous threshold condition from equation (12) is not applied anymore in this case.
While the error bars, again showing the standard deviation obtained from the bootstrap method, become slightly larger than those in the case of the upper panel, it can still be seen in the lower panel that the linear regression slope A increases with lower values of g for CME-related FDs at Mars. At a value of g = 0.3, the ratio between CME-caused FDs at Earth and Mars has increased to 1.5 ± 0.4, comparable to the ratio obtained in the upper panel for the > 0.8 cases. Based on these results, we suspect that there are two populations of CME-caused FDs seen at Mars: FDs with m max observed in the sheath result in a larger slope A and FDs where m max is caused by the ejecta have a lower value of A. Such a trend can be seen in both panels of Figure 4 .
Analytical Modeling of the Effect
To give a more sophisticated theoretical description of the FDs than the qualitative illustration in Figure 5 , we now employ the analytical FD models introduced in section 3.2.
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In the sheath region (again denoted with the index s), the FD is described by the PDB model as a linear function (equation (5)), so we can easily calculate the decrease rate (which is constant and therefore equivalent to m max ) and the FD amplitude, and give the ratio of the two:
As expected, m max is proportional to Δ and the proportionality factor is S∕v sheath , that is, the length of the sheath region divided by its speed, which is equal to its passage duration T sheath .
For the magnetic ejecta described by ForbMod (index e), the decrease rate is not constant, as can be seen in equation (6). Assuming that the flux rope expansion while it passes by the observer is negligible (as the passage duration is small compared to the transit time from the Sun to the observer), we can ignore the time dependence of (t E ) and estimate that the speed of the flux rope passing by the observer is constant and equal to the propagation speed of the flux rope, dr e ∕dt ≈ v ICME . With these simplifications, we can again derive an equation for m max : ) v ICME (21)
where we used the simplification t E = const., as the expansion time, which is equal to the transit time, is large compared to the passage duration at the observer, and the result dr e ∕dx e = −1, which follows from equation (9). Additionally, the relation for the derivative of the zeroth-order Bessel function dJ 0 (x)∕dx = −J 1 (x) was used, and 1 ≈ 0.58 is the global maximum of the first-order Bessel function J 1 (x). For Δ , we evaluate equation (6) on the axis of the flux rope (r e = 0) to obtain the following equation:
where the property of the Bessel function J 0 (0) = 1 was used. The ratio of Δ and m max is then again just dependent on the passage duration of the ejecta T ICME :
⇒ Δ e m max,e = a v ICME 1 1 1 ≈ 1 2 T ICME · 0.71 = 0.36 · T ICME
As a corresponds to the flux rope radius and not its total thickness, the passage duration T ICME is 2a∕v ICME , and 0.71 is the approximate numerical value of 1∕ 1 1 .
A few main conclusions can be drawn from these calculations:
First, we find the expected proportionality of Δ s or Δ e versus m max in the sheath or in the ejecta region. We note that there is no dependence of the proportionality factor on the GCR energy. Any such dependence would need to be induced by a variation of the diffusion coefficients (K ′ for the sheath, and quantities within (t E ) for the ejecta) for different GCR energies, but these cancel out in the calculation of the ratio (equations (16) and (24)). Thus, a change in this value can only be due to evolutionary changes in the extent of the respective region (sheath or ejecta).
Second, m max in the ejecta part is expected to decrease exponentially over time (equation (22)), while m max of the sheath can change in different ways depending on the evolution of the sheath speed and the magnetic field (which affects the diffusion coefficient K). This means that due to these two competing effects, it could happen that close to the Sun, m max occurs in the ejecta, but moves to the sheath at a later time. As for the majority of events at Earth, m max is already in the sheath (see section 4.1 and Figure A1 ), we expect this fraction to be similar or even higher at Mars.
There is one more point that we have to account for in this calculation: From the analytical solutions, we can only derive ratios Δ s ∕m max,s and Δ e ∕m max,e . However, from GCR observations alone, one could only obtain Δ , that is, the total amplitude of the FD caused by both ICME regions together. The proportionality factor A = Δ ∕m max would have to be calculated like this: 
If we do not see a clear two-step FD, which is most often the case (especially with limited data resolution), there is no trivial way to measure Δ s or Δ e directly without additional data (e.g., solar wind plasma or magnetic field measurements) that allows for an exact definition of the separation between sheath and ejecta (if either part exists). Therefore, to explain the observed linear relationship, it needs to be assumed that there is always a dominant part which drives the FD; that is, Δ ≈ Δ s or Δ ≈ Δ e . As we have found in Appendix A and Figure A1 , m max is more likely to appear in the sheath at Earth and Mars. Besides, Masías-Meza et al.
(2016) have shown in their Figure 6 that the amplitude of the FD in the ejecta, Δ e , is usually much smaller than the one driven by the sheath, Δ s , so the first assumption, Δ ≈ Δ s is probably valid for most ICMEs.
Quantification of the Sheath Broadening Processes
The evolution of the sheath during the propagation of an ICME is governed by five main physical processes, as explained by Janvier et al. (2019) and discussed in more detail by Manchester et al. (2005) and Siscoe and Odstrcil (2008) : (1) the pileup of solar wind in front, (2) reconnection with the following ejecta, (3) compression of the sheath by the following ejecta, (4) expansion or contraction associated to the radial velocity profile of the sheath, and (5) lateral transport of plasma orthogonal to the ejecta motion, that is, away from the ICME apex. We will go through each of these effects to estimate their importance for the evolution of the sheath between 1 and 1.5 AU and, if possible, give a first-order approximation of their magnitude. As the observed difference in Δ ∕m max ratios in FDs is expected to be mainly caused by the sheath evolution (see the previous two sections), we will not do a similar estimation for the evolution of the ICME ejecta here, and we refer to previous studies such as Bothmer and Schwenn (1997) and Liu et al. (2005) . For the following calculations, we will call the sheath thickness S and the radial distance of the sheath from the Sun r. We also define Δv shock = v shock − v sw to be the speed of the shock relative to the ambient solar wind, ⟨v sheath ⟩ the mean speed within the sheath and Δv sheath = v S,front − v S,rear the velocity difference between the front and rear end of the sheath.
1. The sheath thickness gained through the pileup of solar wind in front can be estimated to be proportional to the speed of the shock relative to the surrounding solar wind; that is,
where c is the factor by which the plasma added to the sheath is then compressed. Some rearranging yields
The factor c is expected to be close to the density ratio between the sheath and the ambient solar wind in front. This is typically around 2.5 at 1 AU (see, e.g., Janvier et al., 2014, Figure 5b) and is expected to decrease on the way to Mars.
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10.1029/2019JA027662 2. We assume reconnection with the following ejecta to be negligible at these distances from the Sun. This effect, which is responsible for an erosion of the ejecta, can be significant close to the Sun, but as Lavraud et al. (2014) have shown, it becomes less important at larger distances due to the dropping Alfvén speed v A . They found that the reconnection rate at 1 AU is already up to 10 times smaller than the average value between the Sun and 1 AU required for the erosion seen at Earth. 3. Compression of the sheath by the following ejecta is also expected to be small for most events, because by the time an ICME arrives at 1 AU, it has usually already reached a state where the velocities of the rear end of the sheath and the front of the ejecta are very similar. This can be seen, for example, in the superposed epoch analysis results by Masías-Meza et al., 2016 Figures 2 and 4) . These three effects correspond to outer influences on the sheath region. There are two more effects related to the motion of plasma within the sheath: 4. The expansion (or, possibly, contraction), which corresponds to the radial velocity profile within the sheath, can be calculated based on the front and rear velocities of the sheath region:
This velocity profile can be the result of previous external influences on the sheath (1-3) during the propagation from the Sun to 1 AU, so these are not neglected in our simple model. 5. The decrease of sheath thickness due to lateral plasma motion away from the ICME apex is not as simple to estimate as the previous effects. With plasma data at multiple radially aligned spacecraft, it might be possible to measure the magnitude of this effect, such as was done by Nakwacki et al. (2011) for the ejecta (magnetic cloud), but this would be difficult at Mars due to the scarcity of plasma data and the rare occurrence of radial alignments with Earth as well as the turbulent nature of the sheath. An alternative would be to employ numerical simulations, but this is also beyond the scope of this paper.
In summary, we can say that, unless the lateral deflection (5) is the dominant process, the sheath thickness is expected to increase proportionally to the solar distance. This is only true if the velocities of the ICME substructures evolve slowly between Earth and Mars, but this is probably a valid assumption as the overall propagation velocity usually does not change much beyond 1 AU (Liu et al., 2013; Freiherr von Forstner et al., 2018; Zhao et al., 2019) . If lateral deflection is significant, the sheath thickness would increase more slowly, so our following calculations are a kind of upper limit approximation.
The estimations we have made for the different processes influencing the sheath size are likely to be valid between 1 and 1.5 AU, but not necessarily closer to the Sun. This means we cannot calculate ΔS all the way from the Sun to Mars based on our equations above but instead have to start with the sheath thickness S Earth at Earth and add ΔS between Earth and Mars to it. Thus, we calculate the broadening factor E between Earth and Mars, which is the ratio of the sheath thicknesses S at the two planets, in the following way:
Inserting the terms from above to substitute ΔS with quantities that can be measured at Earth, we get
So to calculate the broadening factor between Earth and Mars, typical values of the shock and sheath speeds as well as the sheath thickness at Earth Liu et al., 2006) and the expected value of c ≲ 2.5, we can estimate the term Δv shock ∕(v shock c ) + Δv sheath ∕⟨v sheath ⟩ to be between about 0.07 and 0.26. According to Janvier et al. (2019) , the median duration of the sheath at 1 AU is approximately half a day, and with a typical sheath speed of 560 km/s (similar to the value given in Table  1 of Masías-Meza et al., 2016) , we can then calculate S Earth ≈ 0.17 AU. This is also in agreement with Kilpua et al. (2017) , who find a duration of 11.1 hr and a thickness of 0.13 AU for their sample of ICMEs at Earth.
The parameters estimated above can be inserted into equation (29) Comparing with results of Janvier et al. (2019) in their Table 1 , we see that the broadening of the sheath slows down as the ICME propagates outward. This is expected, especially because the pileup of solar wind in front (Process (1)) decreases rapidly when the shock decelerates and approaches the speed of the ambient solar wind. Between Mercury (∼0.4 AU) and Venus (∼0.72 AU), the sheath duration increases by a factor of 3 over a distance of just 0.32 AU, and from Venus to Earth (1 AU), a distance of 0.28 AU, it grows by a factor of 1.7. Our result with a broadening factor of 1.2 to 1.8 between Earth and Mars (0.5 AU distance) extends these results to beyond 1 AU.
Conclusions and Outlook
In this work, we analyzed the properties of FDs measured at Mars by MSL/RAD compared to those measured at Earth. Our study focused on the correlation of the maximum hourly decrease m max and the FD amplitude Δ and how this differs between FDs at Earth and Mars. We first investigated this effect using our own catalog of 45 ICMEs observed by the STEREO Heliospheric Imagers that caused FDs at Mars (Freiherr von Forstner et al., 2019) and later expanded the study to larger catalogs of FDs at Mars (Papaioannou et al., 2019) and Earth (IZMIRAN catalog). The correlation between m max and Δ is also seen in these two catalogs.
We applied further filtering to the catalog to only consider FDs caused by ICMEs. Also, with two different threshold conditions, we filtered out FDs with small amplitudes whose properties may be associated with larger uncertainties or the smaller population of FDs where the maximum hourly decrease does not occur close to the beginning of the ICME sheath region. With these conditions applied, we found that the slope of the linear regression is steeper at Mars than at Earth by a factor of about 1.5 to 1.9 with an error of ±0.2 to 0.4.
In a simple approximation of the physical processes involved in the evolution of the ICME sheath region, we found that the sheath broadens by a factor 1.2 ≲ E ≲ 1.8 between Earth and Mars, very similar to the factor obtained for the relation of the FD parameters. Additionally, with analytical models of the FD profile, we could show that the broadening of the sheath can indeed lead to an increase of the Δ ∕m max ratio, while the different observed GCR energy range at the two locations should have no effect on this quantity.
We have summarized the results for the sheath broadening factor E obtained both from the FD observations in different parts of this study as well as from the theoretical estimation in Table 1 . The sheath broadening factor between Earth and Mars that we derived extends previous observations of the evolution closer to the Sun by Janvier et al. (2019) . Their results showed that the speed at which the broadening happens decreases further away from the Sun, and our result for the evolution beyond 1 AU agrees with this trend.
Our results show that it is possible to obtain more information about ICMEs from FD measurements than just their arrival time by incorporating different characteristics of the FD and consulting theoretical FD models to find out how they depend on the ICME properties. If statistics allow for this, a future study might be able to verify our findings by measuring the ICME sheath duration directly using in situ solar wind data at Earth and Mars. Also, as FDs can be observed at many locations in the solar system, this approach could be applied to other missions closer to (e.g., Helios, Parker Solar Probe, and Solar Orbiter) and further away from the Sun (e.g., Ulysses) to investigate the ICME evolution in these regions.
Appendix A: Location of m max Within the ICME Substructures
In Figure A1 , we plot a histogram of the time where the maximum hourly decrease occurs within the different parts the ICME. This plot combines data from the IZMIRAN FD catalog, where we find the time of the occurrence of m max , with the Richardson and Cane (2010) catalog of ICMEs observed near Earth (available online at http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm), where the shock and ejecta arrival times are listed. Note that in this case, we use the whole time range from 1996 to 2017 that is covered by both catalogs, so this plot is based on a different, larger data set than the rest of the study. The reason for this is that we need the data set to be as large as possible for this study to get a significant overlap between the two catalogs of FD and ICME observations. In both catalogs, many events are associated with CMEs observed by SOHO/LASCO, and we used this column for quickly matching the events in the two catalogs-that is, if a FD in the IZMIRAN catalog is marked as being related to one particular SOHO/LASCO Figure A1 . Distribution of the time where m max occurs between the different parts of the ICME. The sheath and ejecta regions are divided into two equidistant bins each, and two overflow bins show the unphysical cases where m max occurs after the end of the ejecta or before the shock. The blue numbers and percentages at the top indicate the total number of events within the respective ICME structure (sheath or ejecta) and in the overflow bins. The red bar indicates a version of the histogram where the left overflow bin has been included into the sheath and the right overflow bin dropped from the analysis, as explained in the text-indicated by the light blue color. The updated numbers and percentages for this case are indicated in red. CME and an ICME in the Richardson and Cane list is associated to the same SOHO/LASCO event, we regard the FD to be caused by this ICME. A manual inspection of each FD-ICME pair might increase the accuracy of this FD-ICME assignment, but this simple approach is sufficient for the purpose of this plot. Then, for each ICME/FD pair, the sheath and ejecta phases were each divided into two equidistant time bins, and the FD onset time was sorted into the respective time bin. The duration of the bins is adjusted for each event depending on its shock, ejecta onset, and ejecta end time from the Richardson and Cane list, so the FD profile duration is normalized into these two bins. This approach is similar to the superposed epoch analysis technique also employed by, for example, Liu et al. (2006) , Masías-Meza et al. (2016) , and Janvier et al. (2019) . If the FD onset time happened at any time before the shock arrival listed by Richardson and Cane, or after the end of the ICME ejecta, it was sorted into a corresponding overflow bin on the left or right side of the plot.
It can be clearly seen that m max usually occurs either right after the shock or near the beginning of the ejecta phase. In the case of the ejecta, the number of events in the following bin drops off even more than in the sheath, which is reasonable due to the more turbulent nature of the sheath region (see, e.g., Masías-Meza et al., 2016) . Nevertheless, in total, m max occurs more frequently in the sheath than in the ejecta (50% vs. 32% of cases). As there is an uncertainty associated with the determination of shock, ICME and FD onset times, some of the events in the first overflow bin might still belong into the "sheath" category (for most of them, the FD starts just 1-2 hr before the shock arrival time). This could also be a physical effect where the GCRs start to be shielded by the ICME already slightly before its arrival time. On the other hand, the cases in the overflow bin at the end are almost certainly due to an incorrect assignment of the FD to this ICME or the influence of another ICME or CIR structure following the event. Such cases with ICMEs followed by CIRs were also found, for example, by Rodriguez et al. (2016) . As per these considerations, we then include the first overflow bin into the sheath and exclude the second overflow bin and find that m max occurs in the sheath about twice as often as in the ejecta (66% vs. 34%).
To check that the use of a larger time range spanning almost two solar cycles does not distort our results, we have also done this analysis for just the events between August 2012 and December 2016 (same as Catalog II in our main study). The total number of events in the histogram is obviously decreased in this case, but we still obtained very similar results for the distribution between sheath and ejecta.
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